Abstract-In this paper, the spectral evolution properties in single-frequency Raman fiber amplifier (RFA) based on different pump schemes are analyzed theoretically for the first time based on the gain dynamics. It reveals that the walk-off effect in counter-pumped scheme acts as a natural low-pass filter for singlefrequency RFA. When multilongitudinal mode rare-earth-doped fiber laser is used as the pump source for RFA, strong temporal fluctuations of the pump source would lead to spectral broadening in copumped scheme, while single-frequency operation could be maintained in the countered-pumped case because of the natural low-pass filter.
I. INTRODUCTION
R AMAN fiber laser (RFL) is a specific type of fiber laser based on the gain of stimulated Raman scattering (SRS) effect. It could provide almost any wavelength in near-infrared region efficiently and has great potential for high-power and wide wavelength range amplification [1] - [4] . For the time being, most of reported RFLs have broadband spectral property [5] . In some application fields, where narrow-linewidth fiber lasers with special wavelength are required, RFA provides a good choice when the net gain of active laser medium is relatively small for those special wavelengths. For example, singlefrequency RFL operating at 1120-1150 nm can be frequency doubled to generate laser emission at 560-575 nm, which is widely used in medical science, biological imaging and so forth [6] - [9] . Single-frequency RFL operating at 1178 nm can be frequency doubled to generate laser emission at 589 nm, which is widely used as guide star for adaptive optics [10] - [12] .
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RFA while significant sideband spectral broadening is observed in co-pumped ones. The spectral broadening phenomenon in single-frequency RFA is totally different from that in common fiber lasers based on rare-earth doped fibers [14] - [19] . In typical multi-longitudinal mode rare-earth doped fiber lasers, the spectral broadening phenomenon is uniform, i.e., both the central part and the sideband of the spectrum get broadened during amplification [14] - [16] . Besides, single-frequency operation could be maintained and no spectral broadening phenomenon is observed in co-pumped manner for the rare-earth doped singlefrequency fiber lasers [17] - [19] . Although high-power singlefrequency RFAs with different operating wavelength have been achieved based on counter-pumped structure, to the best of our knowledge, there is no publication that focus on the physical origin of the unique spectral broadening properties in singlefrequency RFA.
In single-frequency fiber laser, spectral distribution could be mainly characterized by the spectral density of frequency noise. The spectral broadening effect is commonly attributed to the frequency fluctuations [20] , [21] . However, it is worth noting that those results are based on laser with ideal temporal property without any intensity fluctuations, the spectral properties might be different when there are intensity fluctuations. In this paper, we aim to explore the spectral evolution in single-frequency RFA by simultaneously considering the frequency and intensity fluctuations. The gain dynamics and the nonlinear propagation properties of a single-frequency RFA is employed using coupled amplitude equations. Theoretical results show that the gain dynamics for single-frequency RFA are rather different in copumped or counter-pumped manners. The spectral broadening phenomenon in co-pumped RFA origins from the strong temporal fluctuations transferred from the pump. Different from co-pumped configuration, there exists a natural low-pass filter effect which weakens intensity noise transferred from the pump fluctuations in counter-pumped RFA. The low-pass filter effect avoids sideband spectral broadening, which ensures the singlefrequency operation in counter-pumped RFA.
II. GAIN DYNAMICS ANALYSIS

A. Basic Model
In the traditional analysis of gain dynamics in fiber lasers, the nonlinear effects, such as self-phase modulation (SPM), crossphase modulation (XPM) or group velocity dispersion (GVD), would not induce seed-to-signal or pump-to-signal power conversion. Meanwhile, the time-dependent rate equations or the coupled power equations are capable to analyze the Raman gain, pump depletion and saturation effect, thus only the power conversion process is considered [22] - [25] . In addition, modulation frequency response is also well characterized in Si waveguide by using standard CMOS technology [26] . For single-frequency fiber amplifier, the temporal property of the single-frequency seed is relatively stable, thus we focus on the noise transition from the pump to the signal light. To understand the output intensity noise transferred from the pump, it is useful to apply pump modulation transfer function in the frequency domain. To obtain pump modulation transfer function, we impose a small cosine modulation of the pump power:
Here, P 0 p is the initial pump power, δ 0 is the modulation depth and f is the modulation frequency. Then, the output signal power and the corresponding pump modulation transfer function T (f ) could be expressed as:
Here, P 0 s is the steady state output signal power and φ is the phase delay between the pump and the signal light.
To explore the spectral characteristics of single-frequency RFA, we need to consider both the properties of the intensity and phase noise, while not just the intensity noise. Although the power balanced equations have been successfully applied to analyze power scaling properties of Raman fiber lasers [2] , [36] , it is difficult to obtain phase noise property of singe-frequency laser just through power balanced equations. Thus, we apply the nonlinear propagation equations to analyze the phase noise property of the optical field here. Similar as shown in traditional nonlinear optics [27] , we consider the phase noise transfer property in single-frequency RFA by using the nonlinear Schrödinger equation:
Here, + and -denote for the co-pump and counter-pump cases, A is the envelope of the optical field; index p and s stands for pump wave and Raman stokes wave, respectively. v is the group velocity, β 2 is the second order dispersion coefficient, α is the loss coefficient, γ is the nonlinear Kerr coefficient, δ R is the Raman-induced index changes. f R represents the fractional contribution of the delayed Raman response to nonlinear polarization, and g is the Raman gain coefficient.
Thus, the full dynamical process of single-frequency RFA could be described by the combination of the pump property and the nonlinear propagation process. Then, both the phase and intensity noise in single-frequency RFA could be analyzed simultaneously. Due to that our main purpose is to investigate the spectral properties while not power scaling limitations, we assume that single-frequency RFA is operated below the stimulated Brillouin effect (SBS) threshold for simplicity. Of course, the SBS effect can be also considered by incorporating the interaction process of acoustic and optical fields.
B. Stimulated Pump Modulation Transfer Function
Numerical simulation method is used to analyze the spectral broadening mechanisms in single-frequency RFA with different pump manners here. The major simulation parameters are shown as follows:
/km and δ 0 = 0.1. The seed power is 0.1 W, the pump power is 10 W and the fiber length is 20 m. In order to describe the practical interactions process between the pump wave and the signal wave with different pump manners, we apply the parallelizable, bidirectional finite-difference time domain method in the simulation here [28] . Fig. 1 illustrates the simulated magnitude of pump modulation transfer function with different pump manners. As shown in Fig. 1 , the magnitude of pump modulation transfer function is about −1 dB for all the modulation frequency in co-pumped manner, which means that nearly all the intensity fluctuations in the pump would be transferred into the signal light, thus it behaves similar to an all-pass filter. While in counter-pumped manner, the overall curve of the magnitude satisfies the properties of a low-pass filter approximately. When the modulation frequency is over 1 MHz, the magnitude of pump modulation transfer function would decrease gradually and there exists periodic peak valley in the curve. Thus, the pump fluctuations at high Fourier frequency would be partially filtered in counter-pumped RFA.
This result is different from that in rare-earth doped fiber lasers. In rare-earth doped fiber lasers, the magnitude of pump modulation transfer function would decrease smoothly over the corner angular frequency and the order of the corner angular frequency is about ten to several tens kHz, which is mainly determined by the fluorescence lifetime of the doped ions and the absorption and emission properties of the fiber [22] , [23] . Furthermore, the pump manner has little influence on the gain dynamics of rare-earth doped fiber lasers. Thus, the mechanism of this low-pass filter effect in counter-pumped RFA is different from that in rare-earth doped fiber lasers.
C. Analytical Pump Modulation Transfer Function
A possible explanation for this result is the pump-signal walkoff effect between the two inverse propagate lights. In counterpumped manner, the pump and the signal light propagate on the opposite directions in the fiber, thus there exists time delay between pump and signal light along the fiber. Accordingly, only the average intensity of the pump light over the propagation time along the fiber would impact the temporal properties of the signal light. Based on the above consideration, the pump modulation transfer function in counter-pumped manner could also be calculated analytically at certain simplifications. As the modulation depth is assumed to be small here, the pump-induced signal modulation can be analyzed as a periodic perturbation in the steady state. When neglecting the pump depletion and the fiber loss, the Raman amplification process could be simply expressed as:
Substituting Eq. (1) into Eq. (5) and using the transformation in counter-pumped manner:
Then, the magnitude and phase of pump modulation transfer function could be derived as:
Here, T is the propagation time of the signal light along the fiber. We may notice that the shape of the transfer function satisfies the absolute value of Sinc function and the period of the sine function part is equal to the propagation time of the signal light in the fiber. The detailed deviation of the pump modulation transfer function is illustrated in the Appendix. Fig. 2(a) and (b) compare the simulated magnitude and phase of pump modulation transfer function with analytical results in (7) and (8) . As shown in Fig. 2 , both the analytical magnitude and phase agree well with the simulation results. Therefore, it is the pump-signal walk-off effect which produces a natural lowpass filter effect in counter-pumped RFA. Besides, this effect also exists in countered-pumped rare-earth doped fiber amplifiers, although it would be covered by the population inversion process (i.e., the corner angular frequency mentioned in the above chapter) in most cases.
In summary, the pump modulation transfer function in RFA behaves as an all-pass filter in co-pumped manner and the pumpsignal walk-off effect in counter-pumped manner produces a natural low-pass filter effect. Thus, the pump fluctuations at high Fourier frequency would be partially filtered in counterpumped manner during amplification. Besides, the shape of the low-pass filter is close to the absolute value of Sinc function and the period of the sine function part is equal to the propagation time of the signal light in the fiber.
In order to verify the simulation results, we experimentally measure the magnitude of pump modulation transfer function in different pump manners. The experimental setup for pump modulation in counter-pumped manner is schematically shown Fig. 3 . A single-frequency fiber laser emitting at 1120 nm is used as the seed source. After an optical isolator (ISO), the seed light is coupled to an 80 m passive fiber and the coupled power is about 23 mW. This passive fiber is a standard non-polarizationmaintaining single mode fiber with a core diameter of 6 μm and a cladding diameter of 125 μm. The pump laser is a homemade multi-longitudinal mode fiber oscillator emitting at 1070 nm. The seed and pump light are coupled or separated through the wavelength division multiplex (WDM) combiners. The pump light was modulated by an acoustic-optical modulator (AOM) with 3 dB insertion loss. The modulation signal from the signal generator (SG) is a rectangular wave with a duty ratio of 60%.
The power of the pump light is set as 7.5 W and the pump power after the AOM is about 2.2 W in the experiment. As the pump absorption is small, we could measure the intensity of the output signal and the pump light simultaneously through the commercial photo detector (PD) and oscilloscope. Besides, we also measure the magnitude of pump modulation transfer function in co-pumped case barely through changing the injection direction of the pump light in Fig. 3 . Due to the limited bandwidth of the AOM, there exists serious distortion of the pump light at high modulation frequency. In addition, the intrinsic self-pulsing in the pump light would also impact the measurement accuracy at high modulation frequency. Thus, it is difficult to measure the accurate magnitude of pump modulation transfer function at modulation frequency higher than 2 MHz in our experiment, and we only give the measured magnitudes of pump modulation transfer function at the modulation frequency from 0.1 MHz to 1.5 MHz.
The measured normalized magnitudes of pump modulation transfer function in different pump manners are shown in Fig. 4 . As expected, the overall curves of pump modulation transfer function behave as an all-pass filter in co-pumped case and a low-pass filter in counter-pumped case, respectively. Besides, one can observe that there exists a valley in the curve of the counter-pumped case and the modulation frequency is about 1.2 MHz here. As the fiber length in the experiment is about 4 times of that in the simulation, the estimated modulation frequency for this valley would be a quarter of the simulation results (about 5 MHz, shown in Fig. 2) , i.e., about 1.25 MHz here. Thus, the simulation results agree well with the experimental ones, which verifies the correction of the model and simulation results.
III. SPECTRAL BROADENING IN A SINGLE-FREQUENCY RFA
As illustrated in the above section, the intensity noise in the pump light would transfer into the signal light in singlefrequency RFA. Thus, the temporal properties of the pump light would be important in the analysis of the spectral properties in single-frequency RFA. For core-pumped RFA, the typical pump sources are multi-longitudinal mode rare-earth doped fiber lasers, which induces strong temporal fluctuations in picosecond scale [29] . The spectral and temporal characteristics of this source can be calculated through combined simulation of the rate equations and nonlinear Schrödinger equations [30] - [32] . Here, we apply a simpler way to character those kind of temporal fluctuations through the polarized thermal radiation model [33] . The polarized thermal radiation model provides a simple way to character the partially coherent light and the corresponding optical field could be expressed as:
Where Ω L is the full width at half maximum (FWHM) spectral width and the random spectral phase ϕ(ω) obeys the uniform probability distribution between -π to π.
When setting the FWHM spectral width as 0.1 nm and the average power as 10 W, the simulated temporal properties and corresponding optical spectra of the pump light is illustrated in Fig. 5 . As shown in Fig. 5(a) , there exists strong temporal fluctuations in the pump light. The average pump power is 10 W while the maximum pump power is over 100 W here.
Before analyzing the spectral broadening properties in a single-frequency RFA, we verify the reliability of the pump modulation transfer function when the pump light induces strong temporal fluctuations. Although the frequency content of the intensity noise in this pump is multi-chromatic, it is not adequate to obtain the pump modulation transfer function directly through the simulation. Thus, a qualitative method is applied here through comparing the estimated and actual power spectral densities (PSDs) of output signal light. Here, the estimated PSD is defined as the product between the PSD of pump light and the corresponding pump modulation transfer function. Fig. 6 (a) and (b) illustrate the estimated and actual PSDs of output signal light in counter-pumped single-frequency RFA, respectively. The two consistent figures verify that the analytical pump modulation transfer function is also valid here even when the pump light induces strong temporal fluctuations. We also conduct similar comparison in co-pumped single-frequency RFA, the two figures are also similar to each other except that the overall curve of the actual PSD in Fig. 7(b) is about 6 dB higher than the estimated PSD in Fig. 7(a) , which means that more significant noise transfer from pump to signal would occur when the temporal fluctuations in the pump are strong. Thus, only the pump fluctuations at low Fourier frequency will transfer into the signal light in counter-pumped single-frequency RFA, while the pump fluctuations at all Fourier frequency will transfer into the signal light in co-pumped case.
Substituting the stimulated properties of pump light into (4), we could obtain the spectral evolution properties of singlefrequency RFA with the typical multi-longitudinal mode fiber oscillator as the pump source. The same simulation parameters are used here as in the above section, except for that the seed power is set as 2 W here. Fig. 8 (a) and (b) illustrate the simulated optical spectra in single-frequency RFA during amplification with different pump manners. Here, we shift each optical spectrum by 1 GHz at different pump power to avoid the overlap of the spectra in the figures. As shown in Fig. 8(a) , the single-frequency part in the signal could be efficient amplified, thus single-frequency operation can be preserved during amplification in counter-pumped manner. However, in co-pumped manner, the single-frequency part of the signal light would decrease significantly and only the background noise in the sideband is amplified (shown in Fig. 8(b) ), which might correspond the phenomenon of the spectral broadening in the measurement of the optical spectral analyzer.
Another interesting result is the temporal evolution of the amplified signal light in different pump manners. Fig. 9(a) and (b) illustrate the simulated temporal evolution in single-frequency RFA at the pump power of 10 W. Here, the figures start at 100 ns, which corresponds to the propagation time of the light in the fiber. As shown in Fig. 9(a) , the signal light in counter-pumped manner would become relative stable after amplification, although there exists strong temporal fluctuations in the pump light. However, the signal light in co-pumped manner would induce strong temporal fluctuations in the nanosecond scale. The average power is about 4.6 W while the peak power is over 100 W here. This property is similar to the temporal property of the pump light. Besides, similar simulation results could be obtained at different pump powers. Furthermore, more visualized spectral broadening results in co-pumped manner could be obtained through incorporating the spectral properties of the seed source and extend the spectral range in the simulations. A simple way to character the spectral properties of single-frequency laser is through the phase-diffusion model, and the optical field could be expressed as [34] :
Where P 0 is the seed power, the phase ϕ(t) exhibits a simple Brownian motion and obeys the Gaussian probability distribution. The corresponding spectral shape of this optical field is Lorentzion and the full width at half maximum (FWHM) spectral width is inversely proportional to the coherence time of the field. In the following simulations, the FWHM spectral width of the seed is set as about 1 MHz, and the spectral range in the simulation is extended to 400 GHz. By incorporating the spectral properties of the seed source, we obtained the normalized spectra of the signal light at different output power. As is shown in Fig. 10(a) , the central part of the spectra still maintains single-frequency property, while significant spectral sideband broadening is observed comparing to the spectrum of the seed. When the measurement accuracy in the simulation is set to be 5 GHz, the simulated spectral broadening results shown in Fig. 10(b) is similar to the experimental measured ones [13] .
Based on the above simulation, the physical mechanism for spectral evolution in single-frequency RFA can be understood as follows. For a co-pumped RFA, the pump modulation transfer function behaves as an all-pass filter. The pump induced intensity fluctuations at high Fourier frequency in the signal lead to the energy transformation from the single-frequency part to the spectral sideband, which induces spectral sideband broadening during amplification together with the SPM effect. For a counter-pumped RFA, since the pump fluctuations at high Fourier frequency would be filtered, the temporal property of signal light can keep relative stable and single-frequency operation is maintained in this case.
IV. DISCUSSION
A direct idea to avoid the spectral broadening effect in copumped RFA is to apply the temporal stable laser source, such as single-frequency fiber lasers or the phase-modulated singlefrequency laser sources. Fig. 11 (a) and (b) illustrate the simulated temporal evolution and corresponding optical spectra in single-frequency RFA with the ideal phase-modulated single-frequency fiber laser. The same simulation parameters are used here as in the above section. The modulation frequency is set to be 100 MHz with the modulation depth that can be produced three discrete singlefrequency peaks, which ensures about three times SBS threshold enhancement compared to the single-frequency fiber laser [35] . Here, we shift the optical spectra by 1 GHz to avoid the overlap of the spectra in Fig. 11(b) . The temporal properties of the signal light are stable (shown in Fig. 11(a) ) and the single-frequency operation can be preserved (shown in Fig. 11(b) ) in the both pump manners. Thus, applying the temporal stable laser source as the pump light provides a way to expand the single-frequency RFA to co-pumped manner.
Although, it is effective to realize high-power singlefrequency Raman amplification in counter-pumped manner, it is meaningful to expand the design of single-frequency RFA to co-pumped manner in some specific cases, such as hybrid rare-earth-Raman fiber lasers [36] - [39] . Integrating rare-earth and Raman gain together was proposed as a way to enhance the gain at the Raman stokes wavelength with relatively short fiber length, thus the fiber length could be effectively reduced and the SBS threshold could be improved, which is beneficial for singlefrequency amplification. In hybrid rare-earth-Raman lasers, two or multiple seed lasers, whose wavelength separations are close to the Raman shift, are inserted into the standard high-power Yb-doped fiber amplifiers. As the seed lasers propagate along the same direction in the amplifier, there are abundant intensity noise transformation between the different seeds through the Raman gain. Thus, when applying the hybrid rare-earth-Raman structure for power amplification of single-frequency laser, temporal stable laser sources, such as single-frequency fiber lasers or the phase-modulated single-frequency laser sources, are required for all the seed sources.
V. CONCLUSION
In this work, the intrinsic mechanism for spectral evolution in single-frequency RFA is analyzed theoretically based on the gain dynamics. When applying the rare-earth doped fiber lasers as the pump source, we show that the natural low-pass filter induced by walk-off effect in counter-pumped manner singlefrequency RFA can protect the spectral distribution from broadening in sideband. However, strong temporal fluctuations are still existed and will lead to the spectral broadening in copumped manner. Further analysis shows that applying the temporal stable laser as the pump source is a robust way to expand the design of single-frequency RFA to co-pumped manner.
APPENDIX
When neglecting the pump depletion and using the relationship dz = −vdt, the relationship between the pump light at different position in the counter-pumped manner is:
Then, the coordinates of the integration could be simplified to time coordinate through:
Substituting (1) into (5) and using the coordinate simplification in (A2), the output signal power could be expressed as: 
